Th is article describes a straightforward method to measure the dimensions and identify morphological variations in the cerebral arterial circle using the general-purpose software program Osiris. This user-friendly and portable program displays, manipulates, and analyzes medical digital images, and it has the capability to determine morphometric properties of selected blood vessels (or other anatomical structures) in humans and animals. To ascertain morphometric variations in the cerebral arterial circle, 132 brains of recently deceased fetuses, infants, and adults were dissected. Th e dissection procedure was first digitized, and then the dimensions were measured with Osiris software. Measurements of each vessel's length and external diameters were used to identify and classify morphological variations in the cerebral arterial circle. The most commonly observed anatomical variations were uni-and bilateral hypoplasia of the posterior communicating artery. Th is study demonstrates that public domain soft ware can be used to measure and classify cerebral arterial circle vessels. Th is method could be extended to examine other anatomical regions or to study other animals. Additionally, knowledge of variations within the circle could be applied clinically to enhance diagnostic and treatment specifi city.
Introduction
Th e cerebral arterial circle (CAC, also known as the circle of Willis [CW]) was first described in 1658 and detailed by Thomas Willis i n 1664 [1] [2] [3] . The CAC is formed by three incoming arteries (the left and right internal carotid arteries and the basilar artery) and their anastomoses (the anterior ments have some advantages, but their shortcomings lie in the detection of anatomical variations (such as arterial duplications). Th ey are also operator dependent; thus, interpretation of the results lacks accuracy. Th e main advantage of autopsy for studying the vascular circle is its direct and wide view of the vessels, which facilitates observing and measuring frequently encountered variations. With the user-friendly Osiris software, data collected from a post-mortem analysis becomes both accurate and reproducible.
This study proposes a simple method for measuring the length and external diameter of vessels forming the CAC and appropriately classifying the variations. To the best of our knowledge, using public domain software to determine the morphology of CAC vessels in a cadaver study has not been previously documented.
Materials and Methods
Th e present technique was carried out on 132 recently dece ased Iranian fetuses (n=3), neonates (n=12), infants (n=15), and adults (n=102). Each brain was extracted from subjects who had died less than 3 hours earlier. Cases with remarkable alterations in brain arteries or evidence of gross pathological lesions (such as crush injuries, macroscopically identified cortical tumors, severe hemorrhage, or infections) of the brain were excluded. The medico-legal office and Medical Ethics Committee of the Tehran University of Medical Sciences approved this study.
Th e scope of this study included only the arterial circle as formed by the AcoA, the anterior cerebral artery (A1), the posterior cerebral artery (P1), and the PcoA.
After excising the brain from the cranial cavity it was placed on a fl at plane, ventral surface up. Images were taken exactly perpendicular to the plane of the circle to avoid errors due to different angles of view (Fig. 1) . The procedure was digitized (Canon 6.0 Megapixel digital camera, Tokyo, Japan), so as to be readily available for further studies. Each image included a metric ruler placed along the plane of the vessels at the time of photography. Aft er downloading and installing Osiris soft ware (Digital Imaging Unit, University Hospital of Geneva, Switzerland; http://www.sim.hcuge.ch/osiris/), opening the Osiris program allows the user to select an image to be displayed from a file location on their computer. Under the "Tools" menu on the main program console, there is a "line caliper" function that can be used to measure the length between two points on the displayed image. This tool was used to measure the various anatomical parameters and to standardize measurements using the metric ruler included in each image.
To measure 'external diameter, ' we found the largest diameter of the selected vessel with the naked eye and inserted two points at the edges of the width. Th is created a measurable line of pixels in the Osiris soft ware. Th e count of the number of pixels along the line was translated to units of length using the metric ruler ( Fig. 2A) . If vessels that were thrombosed or collapsed due to extravasations were found, measurements were made wherever the most realistic external diameter of the vessels occurred, which occasionally had to be estimated. Th e diameter of the whole fenestrated vessel was measured, as in the case of a fenestrated AcoA.
For measuring the 'length, ' vessel segments were considered where they formed part of the CAC, i.e., P1 between the PcoA and the tip of the basilar artery, and A1 from its junction with the PcoA and the internal carotid artery to the point it connected to the AcoA. We first delineated a virtual crosssection where the selected vessel emerged from the proximal artery and found the same cross-section where it inserted into the distal artery. Connecting the midpoints of these cross-sections along the midline of the artery allowed the most accurate length measurement (Fig. 2B) . Th e length of a broken line fi tted on the artery was measured when the vessel had a spiral or curved course (Fig. 2C) . Th e Osiris soft ware was used to measure the length in the same manner as the external diameter.
To be consistent with previous work, hypoplastic vessels were defined as those with external diameters of less than half the average in fetuses and infants [13] and <1 mm in adults [14] . Asymmetry was defi ned as a vessel diameter that was less than half of the contralateral vessel diameter. No corrections were made for measurements of those vessels that were under mild traction due to lack of suffi cient elasticity.
Results
Th is method was useful to accurately identify and classify anatomical variations in the CAC. Th e most oft en observed variations in our subjects were uni-and bilateral hypoplasia of the PcoA. Th irteen fetuses and infants (44%) and 27 adults (27%) exhibited this variation in one PcoA; two fetuses and two infants (8%) and 34 adults (33%) exhibited this trait bilaterally. Hypoplasia was also commonly observed in the AcoA of adults (11%) and fetal/infant specimens (7%). Other hypoplastic vessels included the A1 and P1 segments in a unilateral fashion. Bilateral hypoplasia was only observed in PcoA vessels. Aplastic vessels were somewhat less common. Aplasia was observed in the unilateral PcoA (7%), bilateral PcoA (3%), and in one AcoA (1.0%) in adult specimens. Aplasia in the fetal/infant population was only observed in the unilateral PcoA (20%) and bilateral PcoA (3%). No aplasia of the A1 and P1 was found in any specimen. Details of the dimensions of the respective arterial segments of these 132 subjects are shown in Table 1 
Discussion
Importance of studying the CAC Anatomical variations in the vascular supply to different organs are common and can be deceptive at times. The CAC is an arterial network that creates collateral circulation between the anterior and posterior and the left and right circulations of the brain. Th e calibers of the diff erent segments of the CAC vary so much that no two circles are identical [3] . As discussed in previous investigations [15] [16] [17] , studying this circle is important for determining the probable correlation between anatomical variations and the risk of cerebrovascular diseases. It is generally accepted that anatomical study of the CW is of great clinical and prognostic value, given the prevalence of pathologies such as atherosclerotic occlusion and aneurysms [5, 6] . The relationship between cerebral aneurysms and variations in the CAC has already been verifi ed [16] . Some variations in the CW seem to be deadly risk factors for acute ischemic stroke [18] or related to a neu rological disease such as migraine [19] . Consequent changes in the diameter of some arterial segments have been observed in the case of ischemic cerebral accidents. Such a condition may alter vascular functionality, as demonstrated by angiography and observed during autopsy [3] .
Congenital variations in CAC anatomy are common. Signi ficant variability may exist among different ethnic groups [7, 15] ; however, this was not confi rmed by Eft ekhar et al. [2] . Th ese variations may complicate neurosurgical interventions. Thus, it is important to determine the adequacy of the neurovasculature for providing blood to the brain during procedures for cerebral aneurysms or ligations of the carotid artery. The development of bypassing or shunting effects, vascular inadequacy, or a lack of recovery aft er vascular occlu sion might be explained, in part, by these variations in the CW anatomy [20] .
Diff erent measurement techniques to study the CAC
Diff erent techniques are used to measure the dimensions of CAC for particular aims. The most popular methods are MRA [5] , TCD [8] [9] [10] , CTA, and autopsy. Although these are highly developed, sophisticated methods [21] , they have their respective limitations. Current indirect methods (MRA, TCD, and angiography) have limited resolution and sometimes makes distinguishing CAC variations diffi cult (for example, hypoplasia from aplasia in an arterial segment). Th is can affect the prevalence of an anatomically complete CAC [18, 19, 22] . Furthermore, the operator-dependent nature of these methods may detract from the exactness of the results compared to direct visualization techniques.
Variations and dimensions in the CAC have been defi ned and characterized as a whole or in particular segments in several autopsy studies. However, only a few studies have described the exact method of arterial measurement [1, 2, 4, [23] [24] [25] [26] [27] . Some of these studies have mentioned the diameter of the formative vessels, but not the technique or instrument of measurement [3, 15, 20, [28] [29] [30] . Fixation injections (latex, micropaque, or a mixed suspension) and the type of vision (by microscope or naked eye) were detailed in some publications [4, 13, 20, 24, 31] . Some authors prepared detailed drawings and provided photographs of the CW [24] . However, they did not use photographs to measure the arteries. Seydel [4] used a micrometer for measurements, whereas others used a caliper gauge [23, 25] . A comparison of these studies is not feasible because most studies do not defi ne their criteria for different variations, such as hypoplasia, in the same format [27] . Additionally, the lack of measurement technique details in several studies prohibits a reliable comparison.
Of the studies that have utilized computer image analysis [32] [33] [34] , programs to translate digital data into metric information had to be written or purchased. In contrast, Osiris is a public domain program that performed all of the required manipulations on our anatomical images.
About "Osiris" soft ware
Osiris was designed at the University Hospital of Geneva in 1990 as an extensible and portable program for displaying, manipulating, and analyzing digital images. It can be customized (without loss of basic consistency) for diff erent clinical implementations. Th is soft ware manipulates images for analysis by utilizing diff erent tool functions, such as rotating, flipping, zooming, panning, and magnifying. Additionally, special Osiris measurement tools allow for an evaluation of distances and angles that can be used for research purposes or as a clinical tool. Images can be used for morphometric measurement studies with high analytical consistency by showing pixel intensities along a line drawn across the image [35] .
The Osiris package is a non-commercial product (www. sim.hcuge.ch/osiris/). It is readily accessible to physicians and non-computer-oriented users and is easily adaptable to a physician's specifi c needs [35] . Our study represents the fi rst documentation of Osiris used to measure CW arteries. 
Advantages of the technique
This study may solve some of the pitfalls of previous anatomical studies measuring anatomical dimensions. This technique is a simple way of obtaining measurements and variations in the CAC. It provides researchers and clinicians the ability to share digital images online for consultation with other experts and colleagues. Furthermore, using this method can save time, manpower, and money compared to radiological techniques or traditional autopsy methods.
Th e measurements can be repeated at any time or by any person for a comparison with other studies and to verify the results. We have used the absolute values of the measurements for morphology classifi cations. Th is minimizes the extent of error and makes the method more applicable and transferable.
Osiris soft ware has been utilized in diff erent fi elds of medi cine [36] [37] [38] . Dulguerov et al. [37] used the software to mea sure movements during facial expressions recorded by a digital video camera. Magnetic resonance images have also been analyzed using Osiris in a study of dural sac movements [38] and erosion volumes in patients with rheumatoid arthritis [36] . The software has been used for the first time to measure the dimensions of the CAC and to classify anatomical variations [1, 2] . This software is not restricted to use in the CAC area, and we suggest that it can be used in other regions of the body (in humans or animals) for the purpose of measuring and classifying anatomical variations. Any soft ware program must be easy to use if scientists are to accept it, and Osiris fulfilled its purpose in an exceedingly convenient manner.
Limitations of the technique
There are some disadvantages in the described method that are shared by all CW morphological studies. First, there is a potential minor change in vessel diameter over time. Therefore, the diameter of hypoplastic vessels may increase with time and exceed 1 mm. Second, all measurements were performed postmortem. As our results were not controlled with angiography, we could never be sure that the diameters of collapsed vessels measured with Osiris software reflected their actual size in living tissue. Vessels may also be diff erent from those measured after formalin fixation or injection techniques. Th is problem may raise some concerns about the reliability of our results. Finally, the number of autopsies was relatively low (132 cadavers). As other measurement sources were not available (such as cerebral angiograms during lifetime) and we could not fi nd any published data that had used such a method of measurement in the medical literature, we cannot comment on the extent of errors. Thus, further studies with a larger number of subjects using this technique and a comparison to other methods are needed to verify these fi ndings.
Taken together, we demonstrated the successful use of public domain soft ware to describe dimensions and morphologic variants in the entire CAC. Th e simple method we used is suitable for basic comparisons of diameters and lengths or studying gross anatomical variations. Other anatomical struc tures could feasibly be applied to this morphometric pro cess, and it could be equally valid for studies of animal specimens. Similar to all autopsy and radiological techniques, this method is limited in its ability to represent the dynamic nature of the CAC during life. Advances in imaging analysis may resolve this limitation and allow exceedingly accurate conclusions about CAC morphology.
